In section 2 we develop and study a box model of the phosphorous and oxygen cycle and study its properties and implications for deep-sea anoxia. We go on to embed the biogeochemical model in a 3-D ocean circulation model and apply it to successfully reproduce the gross oxygen and phosphorous distribution in the modem ocean circulation. In section 3 we apply the sarae model to the Late Permian ocean and study its circulation and anoxia scenarios. Summary and conclusions are pre2;ented in section 4. We assume that the global ocean phosphorus burden is constant and, assuming volume and nutrient conservation for each box, derive governing equations for phosphorus in the surface boxes, determined by advection, convective mixing, and the particulate export of organic matter: The sinking particulate export of nutrients B is limited by light and nutrients thus: ß e P
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Here P is the total phosphorous concentration of the surface euphotic zone.
•/h• is the vertical divergence of the flux of short wave solar radiation ß in the euphotic layer, thickness he, scaled by the "light utilization efficiency" e [Parsons, 1988]. Light limitation is enforced by assuming the flux divergence of short wave solar radiation provides an extreme upper bound on the rate of new and export production (i.e., the rate of new and export production may not exceed that of primary production). Nutrient limitation of export is enforced by P/(P + Pc). Hexe Pc is the nutrient concentration at which particulate export becomes light limited (not to be confused with a half saturation coefficient for primary production). Hence
where A is a global rate constant which characterizes the ocean-wide efficiency of biological flushing of nutrients from the euphotic zone. Here 1/)• represents the typical residence time of a phosphorus atom in the euphotic zone with respect to export on a biogenic particle. When P << Pc, particulate export is proportional to the local phosphorous concentration, ensuring nutrient limitation at low phosphorous concentrations. When P >> Pc, export is proportional to the incident flux of short wave solar radiation •(y, t), a function of latitude and season. We use this parameterization of particulate export of nutrients both in the box model and in the three-dimensional model experiments discussed in section 2.2. For the box model, in the high-latitude surface box, Bh = Ah Ph Pc / (Ph+ Pc). For the low-latitude surface box we assume that light is never limiting, and hence Bt = At/3. A statement of conservation of total ocean phosphorus, in conjunction with (1) and (2), completes the description of the box model phosphorus cycle. In general, surface oxygen concentrations are observed to be close to local equilibrktm with respect to the atmosphere owing to the rapid air-sea equilibration timescales for the mixed layer [Wanninkof, 1992] . Hence, in this box model we make the simplifying assumption that the surface oxygen concentrations are set to the equilibrittm values, Ot-O? and Oh -O•, as determined from local temperature, salinity, and atmospheric partial pressure of 02 [Weiss, 1970] . Oxygen concentration in the deep-ocean box Oa is determined by advection, high-latilude mixing, and remineralization of particles below the euphotic zone: We have chosen to use the same nutrient-and light-limited parameterization of export production in this box model as is used in the three-dimensional experiments in section 2.2. The three-dimensional experi•nents demand such a representation to allow the biogeochemistry to respond appropriately when the ocean bathymetry and dimate are significantly modified, and we cannot usefully impose particle flux distributions in the three-dimensional experiments. We recognize, however, the simplicity of our parameterization which omits other, possibly important, limiting nutrients. We will demonstrate that our export parameterization reproduces the broad features of the modem ocean oxygen distribution in a three-dimensional model (section 2.2) and that the box model using this scheme su•sfully predicts the sensitivity of deep ocean oxygen in the 3-D model to changes in thermohaline ovemn'nJng (section 3.2). Inferences from the box model are now used to guide and are tested by a 3-D ocean circulation and biogeochemislry model which also yields insights into the processes that control the detailed vertical and horizontal distribution of oxygen.
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Three-Dimensional Biogeochemical Model
The 3 
The sinking particle flux is modeled by a specified profile which decays exponentially [Najjar et al., 1992] with depttt. 
Summary
In summary, we have found that depending on the vigor of the hydrological cycle and the level of diapycual mixing in the ocean, the late Pe]mian ocean circulation could have been in a thermal mode or haline mode or switching one from the other, with differing implications for deep-sea anoxia. In the thermal mode, sinking in high-latitudes drives a vigorous overturning circulation with deep-reaching convection: it is inherently stable. It is very difficult for us to conceive of widespread, persistent deep-sea anoxia in the presence of such a circulation pattern, although there could have been anoxic regions at bitermediate levels beneath upwelling areas, as in the Pacific and Arabian Sea today. In the haline mode, however, with warm salty intermediate water formed in the subtropics over a deep stratified ocean, the ovemmning circulation is much weaker and less stable than the thermal mode. This haline mode, which can be induced by an enhancext hydrological cycle and/or weak diapycnal mixing in the ocean, could support deep-sea anoxia over broad areas. Owing to the inherent instability of the haline mode it seems ualikely for the deep-sea anoxia induced by the haline mode circulation to persist uninterrupted for millions of years.
Several important issues of details remain for further investigation. First, why is the thermal mode solution highly asymmetric, and how sensitive is the thermohaline circulation to the land-sea distribution of Late Permian? Second, is a hydrologic cycle double the intensity of today's a plausible scenario during the Late Permian? Manabe and Stouffer [1994] showed that in a CO.>. quadrupling experiment the intensity of the net freshwater flux E -P increased to • 1.5 of the present level. In the Late Permian the PCO2 level could have been very much higher than that of today [Budyko and Ronov, 1979] . Moreover, increased dust and sulphate aerosols due to stronger volcanic activity during the Late Permian could also induce stronger freshwater flux [Kozur, 1998 ]. It is also notable that in a warm, equable climate the smaller the polar-equator surface temperature gradient is, the weaker the critical intensity of E -P required to induce the haline mode is [Zhang et [Kajiwara et al., 1994] suggests that the extended period of anoxia is punctuated by a temporary, massive mixing across the P/T boundary. The deep ocean is interpreted to have been oxic during this mixing episode despite the presence of black shales in the sediments [Kajiwara et al., 1994 ]. This study suggests that such evidence could be consistent with long-term (many thousands of years) changes between haline and thermal mode ocean states. On these longer timescales, such changes might be forced by variations in external forcing and the inherent instability of the haline mode.
In summary, while these model results are not easily reconciled with the notion of truly persistent, deep-ocean anoxia inducexl by changes in ocean circulation, they illustrate possible mechanisms of ocean circulation and biogeochemistry which may be consistent with the sedimentary record.
